myocardial infarction; ventricular remodeling; heart transplantation; inflammation THE HEALING PROCESS is a key determinant for postinfarction left ventricular (LV) remodeling and the development of heart failure, which could be influenced by mechanical (pressure and/or volume) load (39) . The mammalian heart has a limited capability for self-regeneration, and persistent ischemia could result in myocardial death, granulated tissue formation and scar remodeling, and, ultimately, replacement fibrosis (14, 15) . Early (hours to days) after myocardial infarction (MI), the activity of matrix metalloproteinases (MMPs) is significantly increased to remove tissue and cell debris. In this period, fibroblast proliferation as well as new extracellular matrix synthesis have not been fully initiated, which makes the infarcted region vulnerable to any distortion forces (39, 43) . Therefore, it is conceivable that using pharmacological approaches to lower pressure and/or volume load (within the limit of coronary autoregulation) would have salutary effects on infarct healing (22) .
The murine model of abdominal heterotopic heart transplantation (HTx) is widely used to evaluate immunological responses and drug efficacy against organ rejection. The transplanted heart (donor heart) is fully vascularized and beats, but its LV is not hemodynamically loaded (a detailed illustration is shown in Fig. 1 ). In addition, isogenic transplantation (i.e., Lewis to Lewis) could avoid alloimmunity and was used to investigate the mechanisms underlying LV assist device-induced cardiac remodeling. Moreover, the isograft coronary artery was also ligated in some bioengineering and stem cell studies (1, 6, (25) (26) (27) 46) , which enables continuous manipulation without endangering the host.
So far, to our knowledge, limited information exists regarding an indepth characterization of the postinfarction healing process in the mechanically unloaded state. Therefore, to address this issue, in the present work, we performed isogenic Lewis-to-Lewis rat abdominal heterotopic HTx and simultaneously ligated the coronary artery for permanent myocardial ischemia to dynamically compare related pathological changes with those of in situ infarcted isogenic hearts. Our work provides more insight into the contribution of LV mechanical loading to the postinfarction healing process.
MATERIALS AND METHODS
Study protocol. Male Lewis inbred rats (n ϭ 170, age: 12 wk) were obtained from Vital River Laboratory Animal Technology (Beijing, China) and received humane care in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996) . Coronary ligation of Lewis inbred rats has been reported to produce a uniform infarct size compared with other rat stains (32) . The research protocol was approved by the institutional animal care and use committee. All rats were randomly assigned into the transplantation group (T group) or the in situ group (I group), designated for rats that underwent heterotopic HTx and rats with in situ heart operations, respectively. The T group was further divided into transplantation with MI (T-infarct group) and transplantation without MI (T-sham group). The I group was further divided into the in situ MI (I-infarct) group and in situ sham (I-sham) group. Surviving rats were killed on days 3, 7, 14 , and 35 after the operations.
Animal models. Animals for in situ MI were anesthetized with pentobarbital sodium (60 mg/kg ip), intubated under direct vision with polyethylene tubing, and placed on artificial ventilation (75 strokes/ min, tidal volume: 8 ml/kg) using a volume-controlled rodent respi-rator (Inspira 55-7058, Harvard Apparatus, South Natick, MA). Ligation of the left anterior descending coronary artery (LAD) was performed as previously described (31) . Briefly, after a left thoracotomy at the fourth intercostal space, the pericardium was opened, and the heart was exteriorized. The LAD was then permanently ligated by an intramural 5-0 silk suture inserted from below the tip of the left atrial appendage up to the pulmonary conus. Successful operation was confirmed by the appearance of deep S wave and subsequent ST segment elevation as well as ventricular arrhythmia in continuous ECG monitoring (MP150, Biopac Systems, Goleta, CA). The shamoperated groups received the same surgical procedure except that the LAD was not occluded.
Abdominal heterotopic HTx was performed as previously described with modifications (see Fig. 1 for an illustration) (38) . Briefly, donor rats were heparinized (1,000 units ip) and anesthetized with pentobarbital sodium (60 mg/kg ip). A midline incision was made from the sternum to the abdomen, and the chest wall was removed for heart exposure. Blunt dissection of the heart, aorta, vena cava, and pulmonary vessels was the performed. The pulmonary veins and inferior vena cava were ligated, and the graft was excised. Suture of the LAD was performed just after cardiac graft harvesting and trimming, in a similar fashion as described above, and the sham operation was done without ligation. The donor heart was then placed in precooled (4°C) University of Wisconsin solution (ViaSpan, Barr Pharmaceuticals, Woodcliff Lake, NJ) for cardioplegia and temporary preservation. Recipient rats were anesthetized with pentobarbital sodium (60 mg/kg ip), and a midline laparotomy was performed. The abdominal aorta and vena cava were carefully dissected and clamped with straight vascular clamps to prevent bleeding. A longitudinal aortotomy and venotomy ϳ5 mm in length were performed. We used standard microvascular techniques with an 8-0 proline suture to perform end-to-side anastomoses of the aorta to the abdominal aorta and pulmonary artery to the inferior vena cava, respectively. The total cold ischemic time of the donor heart was ϳ40 min. During the observation period, the survival of cardiac grafts was judged with daily manual palpation by a blinded investigator using a scoring system (19): 3 indicated a strong contraction and a soft graft with little turgor; 2 indicated a mild contraction and mildly hard turgor; 1 indicated a weak contraction and hard turgor; and 0 indicated no contraction. As we performed isogenic transplantation, any cardiac grafts with a score of Ͻ3 were mainly due to surgical failure. Thus, only cardiac grafts with a score of 3 were used for analysis.
Histological evaluation of the infarct healing process. At the time of harvest, rats were anesthetized with pentobarbital sodium (60 mg/kg ip). ECG leads connected to a physiological data-acquisition system (MP150, Biopac Systems) were placed in paws and the abdominal region to detect the heart rate of in situ hearts and transplanted hearts, respectively. Rats were then perfused via the inferior vena cava with precooled PBS for 5 min. Transplanted and in situ hearts were quickly removed. The right ventricles were excised, and the remaining LV tissue was cut parallel to the atrioventricular groove in four slices in equal thickness. The third slice up from the apex was snap frozen in liquid nitrogen for protein extraction and biochemical assays. The second slice up from the apex, which has been reported to always contain the central part of the infarcted region (51), was prepared for paraffin embedding and sectioned at 5 m for all histological analyses. Infarct size was determined using collagenspecific Sirius red F3BA (Sigma Aldrich, St. Louis, MO)-stained sections (see below). The equation was as follows (7): percent infarct of the LV ϭ [epicardial infarct (in mm) ϩ endocardial infarct (in mm)]/[LV epicardial circumference (in mm) ϩ LV endocardial circumference (in mm)] ϫ 100. To encompass the whole part of the infarcted free wall, a ϫ1 objective lens was used. The transmural thickness of the anterior free wall containing the scar was measured at four to five widely spaced locations and averaged (57) . Due to the existence of viable myocardium in the infarcted LV free wall (especially in the T-infarct group), we applied another method to calculate infarct size, the fibrosis fraction in the infarcted segment (see Fig. 2 for an illustration).
The mean cardiomyocyte cross-sectional area was determined in the LV viable septal region and stained with FITC-labeled wheat germ agglutinin (1:100 dilution, Invitrogen, Grand Island, NY). Nuclei were counterstained with 4=,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA).
Histological analysis of collagen remodeling of the infarcted area was performed using picrosirius red-stained sections (31) . First, tissue sections were rinsed in distilled water and incubated in saturated 0.1% picrosirius red for 90 min. Sections were then rinsed twice with 0.01 N HCl for 1 min, dehydrated with an ethanol gradient, and prepared for histological analysis. Images were visualized on a polarized microscope (E600POL, Nikon, Tokyo, Japan) equipped with a circu- Fig. 1 . Schematic illustration of the abdominal heterotopic heart transplantation. The superior and inferior vena cava and pulmonary veins of the donor heart are ligated. The donor aorta is anastomosed to the host infrarenal aorta, and the donor pulmonary artery is anastomosed to the inferior vena cava. Arrows indicate the direction of blood flow. Blood from the host flows into the donor ascending aorta and then into the donor coronary arteries. Blood then returns to the donor right ventricle through the coronary sinus and finally drains into the host circulation via the donor pulmonary artery. In this setting, the donor heart is vascularized and beats, but the left ventricle (LV) is mechanically unloaded. In the transplanted group with myocardial infarction (MI), the donor left anterior descending coronary artery (LAD) was also ligated. RA, right atrium; LA, left atrium; LCA, left coronary artery; RCA, right coronary artery. Fig. 2 . Measurement of the fraction of fibrosis in infarcted segments. The LV free wall (above the two solid lines that separate the infarcted area between the noninfarcted area) was defined as the infarcted segment. PSR, picrosirius red. lar polarizer (Kenko, Tokyo, Japan) as previously described in detail (52) and digitized with a color charge-coupled device (Pro 150ES, Pixera, Los Gatos, CA). We used three quantitative parameters/ methods, i.e., the collagen volume fraction (CVF), collagen maturation, and two-dimensional collagen fiber orientation to delineate postinfarction collagen remodeling. Quantification of collagen maturation was performed as previously described using a hue segmentation method (31) , which is based on the notion that under polarized light, as the collagen fiber thickness increases, the color changes from green to yellow, orange, and red, which corresponds to the maturation of collagen fibers (40) . The ratio of orange/red to yellow/green pixels is referred to as the scar maturation index, with a higher number representing increased maturation of scar tissue, as previously described (12) . To quantify the two-dimensional collagen fiber orientation, we developed a novel analysis protocol using automatic angle recognition followed by circular statistics. Automatic angle recognition was achieved using Continuity software (version 6.3b, http:// www.continuity.ucsd.edu/Continuity). We used the fiber angle calculation function in this software, which is based on an intensity gradient algorithm. Continuity automatically divides an image with a dimension of 640 ϫ 480 pixels into small grids of 20 ϫ 20 pixels in size and calculates the average angle of all fiber vectors inside the grid. Theoretically, 768 angular data are generated from each image. These data were further imported into NCSS 2007 (Number Cruncher Statistical Systems, Kaysville, UT) for circular data analysis (see Statistical analysis). The acquisition of images from picrosirius redstained sections was done according to the following criteria: all images were obtained under the magnification of a ϫ10 objective lens and the sections were adjusted to allow the vertical central line of the image frame perpendicular to the tangent line of the epicardium.
Neovascularization and neutrophil and macrophage infiltration were evaluated using immunofluorescent staining. Slides were dewaxed, and antigen retrieval was performed. To define the small arteries in the infarcted region, tissue sections were stained with ␣-smooth muscle actin (␣-SMA; A2547, 1:600, Sigma Aldrich). The endothelium was recognized by von Willebrand factor (vWF; sc-8068, 1:100, Santa Cruz Biotechnology, Santa Cruz, CA). Neutrophils were stained using anti-myeloperoxidase (MPO) antibody (sc16128, 1:100, Santa Cruz Biotechnology). Macrophages were defined as ED-1 (MCA341R, 1:200, AbD Serotec, Oxford, UK)-positive cells. Tissue sections were then incubated with FITC-conjugated secondary antibody (goat anti-mouse IgG, Zymed Laboratories, San Francisco, CA). As negative controls, additional sections were exposed to the appropriate goat IgG isotypematched antibody (Zymed) instead of incubation with primary antibodies under the same conditions to determine the specificity of antibody binding.
To define lymphatic endothelial cells, we used podopalnin, a transmembrane glycoprotein, as a lymphatic marker because of its relatively restricted expression in lymphatic endothelial cells (53) . Slides were dewaxed, and antigen retrieval was performed. Sections were then incubated with antibody to podoplanin (sc-23565, 1:100; Santa Cruz Biotechnology). Horseradish peroxidase-labeled goat antimouse IgG and diaminobenzidine were used for immunohistochemical staining.
Immunostaining was further quantified with the following steps (31). vWF-positive vessels with an external diameter of Ͻ6 m were calculated for capillary density as N/A, where N is the number of cross-sectioned vWF-positive capillary profiles and A (in mm 2 ) is the area in which capillaries were counted. ␣-SMA-positive vessel-like structure with an external diameter between 6 and 50 m were quantified with the above method. Quantification of histological staining was performed in 5-6 fields/section and digitized with magnification (ϫ20 objective). MPO-and ED-1-positive cells and podoplanin-positive vessel-like structures were determined in a similar protocol. Specifically, lymphatic vessels were counted in only the inner and midlayer portions of the infarcted free wall, which contains the central region of infarcted tissue.
The TUNEL technique was used to analyze apoptosis in the infarcted region using an in situ cell death detection kit (Roche Diagnostics). First, we performed antigen retrieval and treatment, and the other steps followed the manufacturer's instructions. Nuclei were counterstained with DAPI. After TUNEL staining, slides were incubated with anti-MPO (sc-16128, 1:100, Santa Cruz) antibody to detect apoptotic inflammatory cells. Tetraethyl rhodamine isothiocyanateconjugated secondary antibody was added for the visualization of MPO-positive cells. TUNEL-positive nuclei, TUNEL and MPO double-positive cells, and total nuclei were counted from the central infarcted regions. Data are expressed as percentages of TUNELpositive nuclei or TUNEL and MPO double-positive cells to the total number of nuclei evaluated per section. Fluorescence was examined with a fluorescent microscope (80i, Nikon). All image analysis was performed in a blinded manner using Image Pro Plus (version 4.5, Media Cybernatics, Silver Spring, MA).
Gelatin zymography and Western blot analysis. LV infarcted tissue from the third slice up from the apex was excised and homogenized individually in 5 ml of ice-cold extraction buffer [1:4 (wt/vol) containing 200 mmol/l NaCl, 1% Triton X-100, 0.1% NaN 3, 20 mmol/l Tris·HCl, and 2 g/ml aprotinin], and homogenates were then agitated in 4°C for 18 h. Samples were centrifuged at 4°C for 10 min (14,000 g), and the supernatant was aliquoted after protein concentration measurements by the bicinchoninic acid method. Gelatin zymography was carried out to detect the activity of MMP-2 (72 kDa) and MMP-9 (92 kDa). Samples (20 g) were directly loaded on a 10% SDS polyacrylamide gel containing 0.5 mg/ml gelatin under nonreducing conditions. After electrophoresis, gels were washed in 2.5% Triton X-100 for 30 min twice and incubated for 24 h in buffer (50 mmol/l Tris·HCl, 5 mmol/l CaCl 2, and 0.02% NaN3; pH 8) at 37°C. After incubation, gels were stained using 0.5% Coomassie blue R250, destained, and then scanned for image analysis.
To determine the protein abundance of transforming growth factor (TGF)-␤ 1, MPO, VEGF-A, and VEGF-C, Western blot analysis was performed. Samples (40 g) were loaded onto a 10% SDS polyacrylamide gel, separated under reducing conditions, and then transferred to a polyvinylidene fluoride membrane. Membranes were incubated with specific rabbit anti-TGF-␤ 1 (sc-146, 1:400, Santa Cruz Biotechnology), anti-MPO (sc-16128, 1:200, Santa Cruz Biotechnology), anti-VEGF-A (ab46154, 1:250, Abcam, Cambridge, UK), and anti-VEGF-C (ab9546, 1:400, Abcam) antibodies as the primary antibodies and with horseradish peroxidase-conjugated goat anti-rabbit antibody as the secondary antibody at a dilution of 1:5,000 -1:10,000 and detected with an enhanced chemiluminescent kit (Amersham Biosciences, Piscataway, NJ) following the manufacturer's instruction.
Statistical analysis. Noncircular data are presented as means Ϯ SD. For circular data analysis, only the images whose angular data passed a von Mises distribution test were used. Using descriptive Numbers in parentheses indicate total operations performed in each group. Animals were divided into the following groups: transplantation with myocardial infarction (T-infarct), transplantation without myocardial infarction (T-sham group), in situ with myocardial infarction (I-infarct group), and in situ without myocardial infarction (I-sham group). Animals in the transplantation groups eligible for analysis excluded those alive at the end of the specified period of followup but with a manual palpation score of Ͻ3 (see MATERIALS AND METHODS for more detail). circular analysis, three groups of variables were generated: 1) circular data dispersion tendency (circular variance, circular SD, and circular dispersion); 2) concentration tendency [mean resultant length and von Wiese concentration ()]; and 3) skewness and kurtosis of circular data. As concentration parameter is a characteristic parameter of von Mises distribution, we used to quantitatively represent the collagen fiber orientation in the infarcted area. Statistical comparisons of the difference were performed by an unpaired t-test or ANOVA followed by the leastsignificant-difference method for multiple comparisons. A Mann- Whitney U-test or Kruskal-Wallis H-test was used if the data failed tests for normality or equal variance. Two-tailed P values of Ͻ0.05 were considered statistically significant.
RESULTS
Enhanced myocardial salvage in the unloaded heart after permanent coronary ischemia. A total of 110 male Lewis rats underwent HTx operation with or without MI (55 donors and 55 recipients), and 45 successful transplants were enrolled for analysis (Table 1) . Another 60 Lewis rats underwent the in situ heart operation, and the 42 surviving rats were used for further assays (Table 1) . Finally, approximately five to seven animals were included for each subgroup. As shown in Fig. 3 and Table 2 , LVs in the T groups exhibited significant atrophy (decreased LV weight and progressive diminution of viable cardiomyocyte sizes). In contrast, cardiomyocytes of the I-infarct group were in a sustained process of compensatory hypertrophy. At the time of death (35 days postinfarction), heart rates were significantly decreased in the T groups compared with the I groups ( Table 2) . Interestingly, compared with the I-infarct Table 2 ). The increased LV infarcted wall thickness was not fully the result of unloading-induced myocardial salvage because intraventricular pressure would undoubtedly influence the packing of collagen fibers and stretching of the viable myocardium.
Altered collagen remodeling in the infarcted region of the unloaded heart. In the infarcted area, from day 3 to day 35, there was a continuously increasing trend for CVF and maturation in in situ hearts, as shown by an increased CVF and increased scar maturation index (as the result of increased collagen cross-linking; see Fig. 4 , A, C and D). In the T-infarct groups, due to the existence of viable myocardium in the infarct segment, we only measured indexes of collagen remodeling in the scarred area. In these scattered regions, the collagen-positive area and collagen maturation index were all significantly decreased (Fig. 4, B-D) . We also observed a progressive disorganization of the twodimensional orientation of newly formed collagen fibers in the T-infarct groups from day 3 to day 35 after MI compared with the I-infarct groups (Fig. 4, A and B) . To quantitatively delineate these dynamics, we used Continuity software for automatic angular recognition (collagen fiber orientation) and performed circular statistics. Figure 4A shows the dynamics of the two-dimensional organization of the infarcted region from the I-infarct group. As collagen deposition increases, fiber orientation undergoes a process from wellorganized to partially disorganized structure and then again to well-organized structure (as shown in Fig. 4F , the dynamic change of concentration parameter ). However, the newly synthesized collagen fibers of the T-infarct group exhibited a continuous disorganization from day 3 until day 35 after MI (Fig. 4, B and G) .
Altered neovascularization and lymphangiogenesis in the infarct region of the unloaded heart. The density of newly formed small arteries and capillary vessels peaked at 7 days postinfarction in the I-infarct group and then gradually decreased (Fig. 5 ). This decreasing trend was significantly hampered from 14 days after ischemia in the T-infarct group. Even at 35 days after MI, a period when granulated tissue should be replaced with a matured scar during the pathological evolution of in situ rat hearts, capillary vessels could still be visible in the ischemic region in LV mechanically unloaded hearts (Fig. 5, A  and C) . In addition, compared with the I-infarct group, small arteries from the ischemic region of the T-infarct group lost their preferred orientation (Fig. 5, A and D) .
The pathological dynamics of lymphatic vessels are shown in Fig. 5B . Early after MI (7 days), there were almost no detectable lymphatic vessels in the infarcted region in both T and I groups. The number of lymphatic vessels underwent a significant increase thereafter, and the magnitude was more remarkable in the T-infarct group. Furthermore, this proliferative response was accompanied by a persistent increase in lymphatic vessel size in the T-infarct group (Fig. 5, E and F) , an indication of lymphedema. For the I-infarct group, as time went on, lymphatic size was slightly decreased (Fig. 5F ). Delayed resolution of inflammation in the infarcted area during LV unloading. We next evaluated histological and molecular markers for inflammatory cell infiltration in the infarcts. There was no difference in the number of ED-1-positive macrophage infiltration in the early stage (3 and 7 days) between T-infarct and I-infarct groups. The macrophage number then began to decrease in the I-infarct group and statistically differed from the T-infarct group (Fig. 6, A and B) . We next examined the difference of apoptosis in the infarcts. As shown in Fig. 6 , C and F, 14 days after MI, TUNELpositive cells as well as TUNEL and MPO double-positive cells were significantly decreased in the T-infarct group compared with the I-infarct group. As MPO is predominantly found in neutrophils, monocytes, and macrophages (36) and functions as a survival signal for neutrophils, contributing to the prolongation of inflammation (11), the decrease in MPO and TUNEL double-positive cells indicates a lower degree of inflammatory cell apoptosis (Fig. 6, C and G) . Moreover, MPO protein levels in the infarcted region were significantly upregulated in the T-infarct group 14 days after MI (Fig. 7A) , supporting increased infiltration of inflammatory cells. To determine whether or not this difference was due to a different degree of the inflammatory response at baseline in these two models, we quantified MPO-positive cells in infarcted regions on day 3 after the operations. The results showed that MPO-positive cell infiltration was similar in T-infarct and I-infarct groups (Fig. 6,  E and H) . We next evaluated the phenotypical change of fibroblasts in the infarcted area. As shown in Fig. 6, D and I, the number of nonvascular ␣-SMA-positive cells (myofibroblasts) was significantly increased in the T-infarct group compared with the I-infarct group. Of note, during this time period, TGF-␤ 1 , VEGF-A, and VEGF-C levels in the ischemic region in the T-infarct group were also significantly increased compared with the I-infarct group (Fig. 7) . Furthermore, the increased inflammatory response in the T-infarct group was further confirmed by increased MMP-9 activity in T-infarct ischemic regions at 7 days after MI, whereas MMP-2 activity remained relatively stable compared with the I-infarct group (Fig. 7B) .
Increased angiogenesis and collagen deposition in the noninfarcted area during LV unloading. We finally evaluated inflammatory, angiogenic, and fibrotic responses in noninfarcted regions. As shown in Fig. 8A , early after MI (3 days), macrophage (ED-1) infiltration could be observed in both I groups, but with a lesser extent in the I-infarct group, and could still be detected in the T-infarct group 7 days after MI. Macrophages were no longer observed 14 days postinfarction in both groups. We did not found any evidence of macrophage infiltration in the I-sham group at any time point (data not shown). The T-sham group presented a similar pattern of macrophage infiltration compared with their infarction counterparts (data not shown). These data indicate that reperfusion injury resulting from the transplantation procedure may contribute to early (3-7 days postoperation) inflammatory responses in T groups in noninfarcted related artery-supplied regions, but LV unloading itself is not associated with persistent inflammatory cell infiltration in these regions.
In noninfarcted regions of the I-infarct group, ␣-SMApositive myofibroblasts were mainly located in the artery wall ( Fig. 8B ; a similar pattern was observed in the I-sham group; data not shown). However, in the T-infarct group, as shown in Fig. 8B , there was a significantly increasing trend for nonvessel myofibroblast infiltration from 14 days postinfarction, which was more obvious in the perivascular region. Similarly, vWF-positive capillary density did not change significantly across time in the I-infarct groups ( Fig. 8C ; as did the I-sham group; data not shown), whereas capillary density was significantly increased from 14 days postinfarction in the T-infarct group (as did the T-sham group; data not shown). Finally, we found that collagen deposition was significantly increased in T groups 35 days after transplantation compared with their infarction counterparts (no differences between T groups, Fig. 8D ). These lines of evidence suggest that LV mechanical unloading could lead to enhanced angiogenic and fibrotic responses, but these changes are not likely the result of reperfusion injury of cardiac transplantation because there is no sustained inflammatory cell infiltration in noninfarcted related arterysupplied regions.
DISCUSSION
The principal findings from this work, compared with in situ infarcted "working heart" model, are fourfold: 1) the postinfarction healing process during LV mechanical unloading is characterized by improved infarct size and considerable myocardial salvage in the ischemic region; 2) in the infarct scar, collagen remodeling is featured by disorganization of collagen alignment and delayed maturation; 2) the healing process is accompanied by aberrantly enhanced neovascularization, lymphangiogenesis, and lymphedema and a subsequently delayed resolution of inflammation; and 4) LV unloading per se induces enhanced angiogenic and fibrotic responses in the noninfarcted area.
LV mechanical unloading, heart rate reduction, and myocardial salvage. The first work concerning the impact of LV unloading on postinfarction healing was done by Suzuki and colleagues (45) and showed a Ͼ50% reduction in infarct size in a mouse isogenic heterotopic HTx model. They attributed this finding to enhanced cardiac self-regeneration during LV unloading as demonstrated by the increased existence of c-Kit and Sca-1-positive cells in infarcted regions. To our knowledge, this bulk mass of surviving myocardium has never been reported in the published literature. Whether or not the existence of massive myocardium in the infarcted region is due to myocardial regeneration warrants future elegantly designed studies to confirm. In our opinion, this phenomenon is not likely the result of myo- cardial regeneration but a consequence of myocardial salvage.
An important contributor for myocardial salvage in this work, compared with the in situ infarcted heart, is decreased donor heart rate, which could be ascribed to a decrease of innervation in the transplanted heart and an increased ratio of sympathetic over parasympathetic tone in in vivo mice (16, 33) . Moreover, reduced venous return in heterotopic HTx also contributes to the decreased heart rate (referred as the "Bainbridge reflex") by affecting stretch-induced modulation of sinoatrial node automaticity (33) .
Heart rate reduction plays important roles in different phases during infarction healing. Early after MI, heart rate reductionand mechanical unloading-induced downregulation of O 2 consumption could limit or even reuse myocardial necrosis/apoptosis in adjacent regions to the infarct center. In addition, as coronary collateral flow is a purely diastolic phenomenon, prolongation of diastole by heart rate reduction could augment collateral circulation flow and facilitate the opening of recruitable (immature) collaterals. This process could be further accentuate when the LV is unloaded by reducing wall stress transmission-induced compression to intramyocardial collateral vessels (5) . In the granulation phase of infarct healing, our results are in agreement with previous work showing that heart rate reduction could enhance postinfarction angiogenesis by upregulating proangiogenic factors (28, 30, 56) . Moreover, pharmacologically induced chronic heart rate reduction could give rise to a dramatic improvement of infarct size and myocardial survival in rats (55) . Taken together, from the very beginning until the chronic phase after MI, LV mechanical unloading and heart rate reduction could be the key mechanisms underlying the massive myocardial salvage observed in this work.
Impact of LV mechanical unloading on collagen remodeling and organization. In the infarcted area, it has been suggested that the local pattern of stretching in the LV cavity determines the collagen alignment in healing myocardial infarct scars (13) . Therefore, it is conceivable that in the hemodynamically unloaded state, the collagen fibers are wavy and loosely packed. Specifically, collagen orientation in the T-infarct group lost their preferred orientation progressively, which, if occurs in situ, should be in parallel with the preexisting matrix scaffold and perpendicular to the direction of wall stress, theoretically. In addition, the majority of the infarcted area during unloading is composed of thinner collagen fibers (green-yellow fibers) compared with in situ infarcted hearts, indicating a delayed collagen cross-linking process (delayed scar maturation). Although the effect of mechanical and physical forces on collagen cross-linking is poorly understood, our results support those of a previously published report (34) showing that mechanical load (strains) determine the degree of collagen cross-linking in the infarcted region.
In the T-sham group and in noninfarcted areas of the T-infarct group, we observed a pronounced upregulation of angiogenic and fibrogenic responses. The HTx procedure could inevitably result in reperfusion injury to the donor heart, which was confirmed by macrophage infiltration early after unloading (3 and 7 days postoperation). However, the lack of a temporal coincidence between inflammatory cell infiltration and angiogenesis and fibrosis suggests that these two processes are independent. Thus, increased interstitial fibrosis in these regions was predominantly influenced by mechanical unloading.
With regard to the impact of mechanical unloading on cardiac extracellular matrix deposition, the results from human LV assist device and murine isogenic HTx studies on cardiac fibrosis are still conflicting (8, 9, 23, 24, 35, 42) . Results from our work and a recent report (8) using biopsies of LV assist device-implanted patients showed that LV unloading significantly increased the interstitial collagen deposition and was accompanied by increased microvascular density, supporting the hypothesis that unloading per se could enhance the myocardial fibrogenic response. In addition, the observation that phenotypically transformed fibroblasts (myofibroblasts) are mainly located adjacent to the vessel wall in the T groups bolsters the interpretation that cardiac fibrosis is associated with the infiltration of fibroblasts originated from endothelial cells via the endothelial-mesenchymal transition (54) and that this process is augmented during LV unloading.
Delayed resolution of inflammation in the infarcted region during LV unloading. The third finding of this work, that infarct healing during unloading is characterized by a delayed resolution of inflammation, may be related to morphological and functional changes of cardiac lymphatics. First, the role of epicardial and intracardiac lymphatic cells should be address. It is well established that the cardiac lymphatic system provides an exit route for extravasated inflammatory cells, whereas the epicardial lymphatic connection to adjacent to the lymph node is completely destroyed during HTx. Early in this situation, drainage of lymph and inflammatory cells are dependent on the epicardial transudation and resorption of the lymph that drains blindly from the disrupted myocardial lymphatic system into the peritoneal cavity (17, 44) . Evidence has shown that even 1 day posttransplantation, traffic of antigen-presenting cells from cardiac transplants to the spleen can occur (29) . However, with regard to the chronic phase, to our knowledge, there are no available data concerning the time course of reestablishment of the epicardial lymphatic system to regional lymph nodes after HTx.
Intracardiac lymphatic functions are closely associated with the extracellular matrix (48) . Lymphatic capillaries have discontinuous junctions, which are connected to the surrounding collagen fibers by anchoring filaments. These structural bases render the opening of the lymphatic vessel lumen in the face of interstitial edema and collapse under conditions of well-organized packing collagen fibers. Therefore, a disorganized colla- gen network may serve as maintaining factor for lymphatic lumen opening. Another possible factor influencing lymphatic function in the present work is the upregulation of VEGF levels. In addition to their well-known effect on angiogenesis and lymphangiogenesis, these factors are potent vasodilator and vascular permeablilizing agents, contributing to the leakage of fluid and protein from the vasculature to the interstitium (2). These effects could further increase interstitial pressure and result in lymphatic lumen opening and lymphedema. Furthermore, it has been suggested that the cyclic change of LV pressure plays an important role in lymphatic drainage (50) , as shown by the fact that epicardial lymph pressure (an indicator of interstitial volume) is dependent on ventricular pressure (18, 49) . Therefore, LV mechanical unloading may have a direct negative impact on lymphatic drainage.
Lymphatic function is important for the clearance of inflammatory cells. It is generally accepted that the removal of neutrophils in the inflamed site is dependent on apoptosis, with the cellular debris and neutrophils further engulfed by infiltrated macrophages. Macrophages then exit the inflamed region via lymphatic vessels. Thus, it is reasonable to deduce that impaired lymphatic drainage could result in the prolonged retention of inflammatory cells and, consequently, the delayed resolution of inflammation, which is supported by the evidence of decreased inflammatory cell apoptosis, upregulation of MPO expression, increased macrophage infiltration, and MMP-9 activity as well as the active remodeling of the infarct scar (upregulation of TGF-␤ 1 and massive infiltration of myofibroblasts) in T-infarct group.
Study limitations. First, it is well known that sympathetic sprouting is important for infarct healing and scar formation, especially in angiogenesis and lymphangiogenesis (3, 4, 20) , whereas the murine HTx preparation is devoid of innervation and lacks communication with cervical ganglions and the central nervous system. Therefore, its potential impact on the inflammatory response and on cardiac neural stem cell function (10) during LV unloading cannot be clarified in the present work. This is a critical limitation of our work. Second, in the T groups, the surgical procedure inevitably brings reperfusion injury to the heart. Although the cold ischemic time during transplantation is generally accepted and we performed related pathological analysis showing that there no temporal coincidence between macrophage infiltration and the enhanced fibrotic response, we still cannot totally rule out its potential impact. Third, the histological difference of infarct segments between in situ (almost uniformly occupied by scar tissue) and transplanted hearts (scattered distribution of scar tissue) warrants an elegantly designed research protocol and methods to quantify infarct size and molecular events in scar tissue. To address the first concern, traditionally used area-and length-based methods are both not suitable (47) . Thus, we used the fraction of fibrosis in infarcted segments as a supplemental method. For the second issue, laser microdissection-based analysis is required, which could be a direction of our future work.
Implications. The striking differences between the in situ and LV unloaded postinfarction healing processes make it unreasonable to use murine cardiac isografts to assess the efficacy of drugs and/or interventions targeting the postinfarction healing process. Care is needed in the interpretation of previous studies using this model to investigate the efficacy and mechanisms of stem cell therapy (1, 6) because the delayed resolution of inflammation provides a hostile microenvironment for stem cell survival in the damaged myocardium (41) and renders cell fusion (21, 37) .
In summary, our work demonstrated an altered postinfarction healing process in the LV mechanically unloaded rat heart, which was characterized by considerable myocardial salvage, disorganization of collagen fiber alignment, delayed maturation in scar tissue, delayed resolution of inflammation, and, finally, enhanced angiogenic and fibrotic responses in the noninfarcted area (Fig. 9) . Our work could provide novel insights into the role of hemodynamic load in the postinfarction healing process. Further studies are warranted to elucidate its potential mechanism.
